The sequence relationships betwen AKR ecotropic virus and an AKR-derived "mink cell focus-inducing" (MCF) isolate (AKR MCF 247), between Moloney murine leukemia virus (M-MLV) and an M-MLV MCF isolate (M-MLV83), and between AKR and M-MLV were studied by electron microscopic heteroduplex analysis. The MCF-specific sequences were found to map from 1.95 kilobases (kb) to 2.75 kb (± 0.15 kb) from the 3' end of the RNAs for both MCF isolates. The major sequence nonhomology regions between AKR and M-MLV lie between 0.9 and 3.5 kb from the 3' end. However, the AKR and M-MLV sequences immediately adjacent to the 1.95-and 2.75-kb junctions with MCF-specific sequences are relatively similar in AKR and M-MLV. Our results suggest that the env gene of MLVs maps from 1 kb to 3 kb from the 3' end of the genomic RNA and that the carboxyl end of the glycoprotein of each MCF strain is similar (or identical) to that of its ecotropic parent.
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Recently, a novel class of murine leukemia virus (MLV) associated with the development of spontaneous lymphomas has been described (10) . These viruses were detected in the thymuses of leukemic and late preleukemic AKR mice, preleukemic C58 mice, and in the lymphomas developing in NIH Swiss mice carrying the AKR ecotropic virus-inducing loci AKV-1 or AKV-2 (10) . The viruses induce focal areas of morphological alteration in a mink lung fibroblast cell line and hence are referred to as "mink cell focus-inducing" (MCF) strains (10) . They have the dual host range of both xenotropic and N-tropic ecotropic MLVs. Hartley et al. proposed that MCF strains arise in vivo by recombination and are recombinants between ecotropic AKR virus and endogenous. xenotropic MLVs (10) . Two types of biochemical experiments support this notion. Tryptic peptide analyses indicate that the envelope glycoprotein, gp7O, of several AKR MCF isolates contains peptides in common with both ecotropic and xenotropic gp7O's, but the other virion proteins of the MCF strains are indistinguishable from those of AKR virus (4) . Furthermore, some peptides which are specific for the gp7O's of AKR or xenotropic viruses are missing from the MCF gp7O's peptide analyses, suggesting that the MCF gp7O's are not simply mixtures of AKR and xenotropic gp7O's. Rommelaere et al. have shown that 55 to 75% of the Ti-resistant oligonucleotides of AKV-1 and AKV-2 RNAs are present in the RNAs of several MCF virus strains isolated from AKR mice or from NIH Swiss mice carrying the AKV-inducing locus. The majority of the oligonucleotides unique to MCF viruses are clustered and lie in the 3' half of the genome. Since the env gene is believed to be located in the 3' half of the MLV genome, it appears that the difference between genomes of the AKV-1 and AKV-2 and the MCF RNAs lie in the env gene (19) .
Similarly, Shih et 
RESULTS

Molecular lengths of RNAs from AKR, AKR
MCF 247, M-MLV, and M-MLV83 were measured by agarose gel electrophoresis in the presence of 5 mM CH3HgOH as previously described (1), except that the concentration of EDTA in the electrophoresis buffer was reduced from 1 mM to 0.1 mM. Each viral RNA showed a single band on the gel by ethidium bromide staining. By using Sindbis viral RNA (13 kb), mouse 28S rRNA (5.3 kb), 18S rRNA (2.06 kb), Escherichia coli 23S rRNA (3.2 kb), and 16S rRNA (1.64 kb) as markers, the molecular length of each of the viral RNAs was measured as 9.7 + 0.5 kb (data not shown).
AKR We did not observe any other nonhomology regions in the AKR cDNA/AKR MCF 247 RNA heteroduplexes. It should be noted that the cDNA molecules varied in length from 6 to 10 kb. Furthermore, not all the RNA molecules were of genome length. Eighty-two percent of the heteroduplexes were of a length greater than 5 kb, 65% of them were of a length greater than 7 kb, and only 12% of them were longer than 9 kb. With the cytochrome c spreading technique, single-stranded and double-stranded nucleic acids can not always be unambiguously distinguished. Therefore, even for a heteroduplex molecule with a length greater than 9 kb, part of the molecule can still be single stranded. Since we use 3' end poly(A) selection for the RNA, the amount of heteroduplex data about regions near the 3' end is greater than that for the region near the 5' end of the genome. Therefore, we feel that our data do not completely eliminate the possibility of small nonhomology regions between 6 and 10 kb, especially close to the 5' end of the genome.
Most cDNA synthesis initiates at a tRNA primer close to the 5' end of the RNA template (11), and chain elongation continues from the 3' end of the genome. Therefore, the cDNA transcript is a circular permutation of the viral RNA. As previously discussed (12, 14) , this Fig. 3 . The only sequence nonhomology region is a substitution loop extending from 1.97 + 0.14 to 2.79 ± 0.14 kb from the 3' end. The two arms are 0.86 ± 0.17 kb (n = 36) and 0.64 ± 0.16 kb (n = 36). As in the case of AKR/AKR MCF 247, when heteroduplex molecules are treated with glyoxal, the sequence nonhomology region expands to cover the region from 1.7 to 2.8 kb from the 3' end, and appears as a substitution loop with two arms 0.95 + 0.22 kb (n = 21) and 1.04 + 0.22 kb (n = 21). We thus conclude that the sequence nonhomology region between these two viral genomes extends from 2 to 2.8 kb from the 3' end, and the two arms have an approximately equal length of 0.86 kb. In this study, 94, 71, and 37% of the heteroduplex molecules had lengths greater than 5, 7, and 9 kb, respectively. Circular molecules were also observed (data not shown). lengths of 0.43 ± 0.17 kb (n = 29) and 0.36 ± 0.15 kb (n = 29). The pattern of the three loops on the 3' half of the molecule was rather reproducible. However, the positions of the loops and the spacers between them were somewhat variable and there were some molecules in which loop B and/or C was not present. Furthermore, when spread from a more denaturing solvent, for example, 80% urea + formamide instead of 60% urea + formamide, more than 90% of the molecules observed had the three loops. When spread from a less denaturing solvent, 50% urea + formamide instead of 60% urea + formamide, 75% of the molecules observed had only loop A. These results indicate that there is partial sequence mismatch between the two genomes in the region from 0.9 to 3.5 kb from the 3' end.
From the histogram, the frequency of occurrence of loop D is lower than that of loops A, B, and C, and its measured position is more variable; nevertheless, we think it is real for the following reasons. (i) Not every hybrid molecule is full length (103 molecules have lengths greater than 5 kb; only 40 molecules have lengths greater than 8 kb). However, the percentage (about 35%) of molecules with lengths greater than 8 kb that have loop D is comparable to the percentage (about 44%) of molecules with lengths greater than 5 kb that have loops A, B, and C.
(ii) We determined the position of loop D by summing the length of a series of doublestranded and single-stranded regions measured from the 3' end. Since the uncertainties in length measurements accumulate, the position of loop D cannot be determined as accurately as those of loops A, B, and C, and appears to be more variable.
As in the previously described cases, circular heteroduplex molecules also were observed. An example is shown in Fig. 4b .
When M-MLV cDNA was hybridized to 35S M-MLV RNA, and when AKR cDNA was hybridized to AKR RNA, no molecules resembling those shown in Fig. la, lb, lc, 4a , and 4b were observed. When cDNA's or RNAs were incubated separately under the conditions used for heteroduplex fornation, no heteroduplex structures were found. These control experiments eliminate the possibility that the structures observed are artifacts caused by cellular DNA that may have copurified with the viral cDNA, or that the parental RNAs are themselves heterogeneous in sequence.
DISCUSSION
The MCF strains of MLVs appear to play a key role in the genesis of spontaneous lymphomas (10) . These viruses manifest a dual host range and appear to be recombinants between Our results are summarized in Fig. 6 . For the MCF viral RNA of AKR origin and the MCF viral RNA of M-MLV origin, the MCF-specific sequences are located in a region extending from 1.95 (± 0.15) to 2.75 (+ 0.15) kb from the 3' end. Studies of sequence relationship between AKR and M-MLV show four major sequence nonhomology regions centered at 1.1, 2.3, 3.3, and 6.8 kb from 3' end of the viral RNA, with lengths of 0.5, 0.6, 0.5, and 0.5 kb, respectively. Observations of the frequencies of occurrence and the lengths of the three loops closest to the 3' end as a function of the denaturing power of the spreading solution and the hypophase suggest that there is some degree of partial sequence mismatch in the entire region from 0.9 to 3.5 kb, with the greatest extent of nonhomology within loop A, less in loops B and C, and some mismatch in the regions represented as duplex in Fig. 6 .
We wish to correlate the results of our physical study with the available information as to the genetic maps of murine viral RNAs.
In vitro translation studies (9, 15, 18) , immunoprecipitation of virus-specific RNA from polysomes by monospecific p30 antibodies (17) , and the analysis of the MSV clone 124/M-MLV heteroduplex (12) suggest that the genes coding for the internal structure proteins (gag) lie at the 5' end of the viral RNA. The precursor for the gag gene products is a 65,000-dalton protein (22) . The minimum coding sequence is therefore about 1.8 kb. Furthermore, the precursor for gag plus pol gene products is a polypeptide with a molecular weight of 180,000 to 200,000, for which translation starts close to the 5' end. The length of the coding sequence is therefore 5 to 5.5 kb.
Rothenberg et al. (20) reported that 0.5 ± 0.2 kb of sequence at the extreme 5' end of the viral RNA is a leader sequence "spliced" to the 21 to 24S env mRNA. It is not known whether or not this leader is coding for gag proteins. All these considerations suggest that the coding sequences for gag extend from 7.2 ± 0.5 to 9.7 + 0.5 kb from the 3' end and that the gag plus pol sequences extend from 3.7 ± 0.5 to 9.7 ± 0.5 kb. These conclusions limit the region available for the env gene. They also suggest, since the MCF and respective ecotropic genomes are homologous in this region by heteroduplex analysis, that the gag gene products as well as the polymerase of the MCF viruses and of the respective exotropic viruses are closely related in amino acid sequences. In fact, it has been observed that the gag tryptic peptides of Akv and Akv MCF 247 are indistinguishable (4) .
The MCF-specific sequence extends from 1.95 to 2.75 kb from the 3' end for the MCF viral RNA of AKR origin and of M-MLV origin. Therefore, this segment must be derived from the xenotropic viral genome which participated in the two respective recombination events. The nonglycosylated polypeptide precursor of the env gene products is reported to have a molecular weight of 70,000 (24), corresponding to a polynucleotide length of 1.9 kb. Rothenberg et al. (20) reported that the 21S intracellular mRNA that codes for the env proteins consists of a 0.5 (± 0.2)-kb leader sequence from the 5' end of the viral RNA spliced to a 2.8-kb sequence from the 3' end. It is not known whether or not the leader sequence is coding. The 3' terminus of the 1.9-kb precursor env gene must therefore lie at 1.4 kb or less from the 3' end. The heteroduplex results therefore predict that the carboxyl-terminal amino acid sequences of the MCF env precursor polypeptides are similar (or identical) to those of the ecotropic parents, whereas the MCF-specific sequences from 1.95 to 2.75 kb must contain the xenotropic polypeptide part of the mature gp7O.
The glycoproteins of AKR and of M-MLV differ in their tryptic peptide maps (5) and are not closely related by immunological criteria (13) . The major sequence nonhomology regions of these two viral genomes were found between 0.9 and 3.5 kb from the 3' end. These results further support the notion that the env gene is located within this region and make it unlikely that the 0-to 1-kb region, where AKR and M-MLV are relatively homologous, code for any significant length of gp7O.
The sequence nonhomology region D (Fig. 6 ) between AKR and M-MLV with coordinates of 6.55 ± 0.20 to 7.07 ± 0.41 kb appears to be within the gene coding for the gag-pol precursor protein. Whether it lies in the gag gene or pol gene is not known.
It is rather striking that the coordinates of the two junctions of MLVs with MCF-specific sequences are approximately the same for both the AKR/AKR MCF and the M-MLV/M-MLV83 cases. It should be noted that the heteroduplex study shows that the AKR and M-MLV sequences adjacent to the 1.95-and 2.75-kb junctions with MCF specific sequences are relatively homologous (Fig. 6 ). It may be that these similar sequences are hot spots for recombination in each case.
Rommelaere et al. (19) 
